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This paper reports a practical method of generating circularly polarized terahertz (THz) waves
from intrinsic Josephson junctions (IJJs) and controlling their polarization states by external local
heating. We theoretically find that a mesa-structure IJJ whose geometry is almost square can emit
circularly polarized THz waves by local heating of the mesa. Moreover, we demonstrate that the
polarization states of the THz waves change dramatically with the local heating position. Our
results indicate that the use of local heating can provide a high level of controllability of the THz
emissions and significantly extend the range of applications of IJJ-based THz emitters.
Terahertz (THz) electromagnetic (EM) waves have po-
tential applications in a wide range of fields, e.g. non-
destructive inspection of materials, medical diagnosis,
bio-sensing, and high-speed wireless communication [1].
Toward the realization of a practical THz emitter, var-
ious THz sources, such as quantum-cascade lasers and
resonant-tunneling diodes, have been studied so far [2, 3].
Since the first observation of intense and continuous THz
wave emitted from a Bi2Sr2CaCu2O8+δ (Bi2212) single
crystal by Ozyuzer et al. [4], considerable attention has
been paid to high-Tc cuprate superconductors. A layered
structure of Bi2212 single crystals composed of supercon-
ducting layers and insulating layers forms a stack of the
Josephson junctions whose thicknesses are on the atomic
scale ∼ 1.5 nm. Stacks of these natural Josephson junc-
tions, which are referred to as intrinsic Josephson junc-
tions (IJJs), can generate an AC Josephson current in the
THz frequency range by application of a voltage, and the
THz wave emission is attributed to the generation of this
current. Intense THz emissions have been reported for
IJJs fabricated in a mesa geometry, which itself behaves
as a cavity resonator, and thus, a number of studies on
such IJJ mesas have been carried out both experimen-
tally [4–15] and theoretically [16–26]. However, in the
previous studies, little attention was given to the state of
the polarization of the THz waves. Control of the polar-
ization is a fundamental issue for technological applica-
tions of THz waves. In particular, the ability to generate
and control circularly polarized THz waves would open
the way to various applications such as circular dichroism
of proteins [27].
In this paper, we present a method of generating
and controlling circularly polarized THz waves from IJJ
mesas by using external local heating. We consider a
IJJ mesa whose geometry is almost square and whose
temperature distribution is controlled by laser heating
(see Fig. 1). We numerically investigate the emission
power and the polarization of the THz waves from the
mesa by solving the sine-Gordon and the Maxwell equa-
tions simultaneously. Interestingly, both the ellipticity
and handedness of the THz waves from the IJJ mesa
strongly depend on the position of the laser heating.
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FIG. 1: Schematic figure of IJJ mesa whose geometry is al-
most square, and is locally heated by laser irradiation.
Figure 1 shows a schematic figure of THz emissions
from an IJJ mesa whose polarization is controlled by
laser heating. A DC voltage is applied to the mesa,
whose width W and the length L of the mesa are al-
most equal, and the temperature distribution of the mesa
is controlled by a focused laser beam. Firstly, the res-
onant frequencies of the cavity modes along the x-axis,
TM(1,0), and the y-axis, TM(0,1), are close to each other
in this mesa becauseW and L are almost equal. Mixture
of these modes with a ±π/2 phase difference leads to the
generation of circularly polarized THz waves. Secondly,
the local increase of the mesa’s temperature by the laser
heating results in a local change in the critical current
density jc. Theoretical studies have pointed out that
such an inhomogeneous jc distribution affects the exci-
tation of cavity modes in the mesa [16, 22]. Moreover,
the ability of laser heating to change the THz emission
power dramatically has been predicted theoretically and
shown experimentally [13–15, 25]. Therefore, by manip-
ulating the jc distribution by laser heating, we should
be able to control the intensity of the TM(1,0) and the
TM(0,1) modes in IJJ mesa and thus control the state of
the circular polarization.
2To verify this idea for polarization control, we per-
formed a numerical simulation on THz emission from
a IJJ mesa such as the one described above. On the
basis of the antenna theory, we set W and L so that
(L −W )/L almost equals to the Q factor of the emit-
ter. This restriction results in the ±π/2 phase difference
between two orthogonal cavity modes when the emission
frequency equals to the middle of the resonant frequen-
cies of those modes[28]. We set W = 78 µm, L = 80
µm, and set the thicknesses of the electrode and mesa to
2 µm. We used an in-phase approximation in which all
phase differences are equal to a common phase difference
φ, [16, 19, 22] and the dynamics of φ is given by,
h¯ǫc
2eD
∂2φ
∂t2
= c2
[∂By
∂x
− ∂Bx
∂y
]
− 1
ǫ0
[jc sinφ+ σcEz − jex] ,(1)
where ǫc is the dielectric constant of the junctions, c
is the light velocity, jex is the external current. The
electromagnetic (EM) fields in the IJJs are given by
Ez =
h¯
2eD
∂φ
∂t
, By =
h¯
2eD
∂φ
∂x
, Bx = − h¯2eD ∂φ∂y and D is
the thickness of the insulating layers of the IJJs. More-
over, we set ǫc = 17.64, D = 1.2 nm, σc = 10 S/m, and
jc = 2.18 · 103 A/cm2. For simplicity, the laser heat-
ing was simulated by decreasing jc in a square area (20
µm × 20 µm) in the x-y plane, [22] ; the heating po-
sitions A ∼ G are indicated in Fig. 2. In this study,
we assumed that the maximum temperature of the mesa
without the external heating is much lower than Tc due
to high thermal cooling through a metal substrate. In
this case, the local hot spot does not introduce a large
damping of jc. On the other hand, as we reported in
our previous work[25], the laser heating can decrease jc
around the heating spot by 30 ∼ 100%. Note that 100%
decrease in jc indicates the temperature of the spots ex-
ceed the Tc. In this previous calculation, we assumed a
Bi2212 substrate whose thermal conductivity is low, and
the small heat flow to the substrate is attributed to the
increase in the local temperature up to Tc. Meanwhile,
in this study, we assumed a normal metal substrate, and
the high thermal cooling through the substrate will keep
the mesa temperature lower than Tc. In this study, we
considered 50% decrease in jc around the heating spot
as an example of the moderate change of jc by the local
heating.
As mentioned before, the excitation of the TM(1,0)
and TM(0,1) modes in the mesa must be excited in or-
der to generate circularly polarized waves. The electric
fields of the TM(1,0) and TM(0,1) modes are given by,
E1,0 = A1,0 sin (πx/W ), E0,1 = A0,1 sin (πy/L), where
A1,0 and A0,1 are the amplitudes of the TM(1,0) and
TM(0,1) modes, respectively. The resonant frequencies of
the cavity modes are given by f1,0 = c/(2
√
ǫcW ) = 0.458
THz for the TM(1,0) mode, and f0,1 = c/(2
√
ǫcL) =
0.446 THz for the TM(0,1) mode. The linear combina-
tion of these cavity modes yields the mixed electromag-
netic mode, Em, in the mesa,
Em(x, y, t) = cos (2πfit+ δs)E1,0 + cos (2πfit)E0,1. (2)
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FIG. 2: Positions of the heating spot on the mesa A ∼ G in
the x-y plane.
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FIG. 3: Emission power vs. voltage curve as calculated for
the heating position A. The two peaks indicated by the ar-
rows correspond to the excitation of the TM(0,1) mode and
TM(1,0) modes, respectively.
Here, fi is the frequency of the input wave (i.e. AC
Josephson frequency), δs is the phase differences between
the TM(1,0) and TM(0,1) modes. As described in these
equations, the TM(1,0) mode is antisymmetric with re-
spect to the y axis, while the TM(0,1) mode is antisym-
metric with respect to the x-axis. Hence, the jc distribu-
tion must be antisymmetric with respect to both axes in
order to excite both cavity modes. [16, 22] Thus, to begin
with, we examined the THz emissions from the mesa for
heating position A, which is at the corner of the mesa.
We calculated the THz emission power and far field from
the mesa around the voltages at which the frequencies
of the emission waves satisfy the cavity resonant condi-
tions for the TM(1,0) and the TM(0,1) modes. The far
fields along the z-axis were calculated from the equiva-
lent electric and magnetic current along the surface of the
calculation region [29]. Figure 3 indicates emission power
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FIG. 4: (a) Frequency spectrum of THz waves emitted from
IJJ mesa, and (b) trajectory of the far electric field along the
z-axis for the heating position A. The blue arrow indicates
the time evolution of the electric field.
as a function of voltage per IJJ layer for the heating po-
sition A. As can been seen from this figure, two emis-
sion peaks appear around 0.923 mV and 0.941mV, and
they correspond to the excitation of the TM(1,0) mode
and the TM(0,1) mode, respectively. The peak emission
powers are ∼ 10µW, which is comparable to those of
the experimental studies [12]. Note that the two peaks
heavily overlap because the resonant frequencies of the
cavity modes are close to each other. Thus, the emission
power at the middle of the two peak voltages 0.932 mV,
at which the TM(1,0) and TM(1,0) modes mix, is also
high 10µW. Figure 4 (a) shows the frequency spectrum
of the EM wave from the IJJ mesa at 0.932 mV. As we
reported in our previous work, we can see that the peak
frequency of the emission is 0.451 THz, according to the
AC Josephson relation fJ = 2eV/h, and the emission fre-
quency is almost the average of the resonant frequencies
of the TM(1,0) mode and TM(0,1) mode[26]. Figure 4
(b) is the trajectory of the far electric field along the z-
axis at 0.932 mV. The arrow in the figure is the direction
of the time evolution. As we expected, the emissions from
both modes mix with |δs| = π/2, and circularly polarized
waves are certainly observed.
Finally, to clarify the dependence of the state of the
polarization on the heating position, we investigated the
THz emissions from the IJJ mesa by varying the heating
position. Similar to the above calculation, we calculated
the far electric fields at 0.932 mV for each heating po-
sition. Figures 5 (a)∼(f) show the trajectories of the
far electric field along the z-axis for the heating posi-
tions B ∼ G, respectively. In these figures, the elliptic-
ity and the handedness of the polarization significantly
change with the heating position. Of particular note is
that the tilted elliptical polarizations were not observed
in this calculation. This is because we fixed the bias
voltage so that the AC Josephson frequency equals to
(f1,0 + f0,1)/2. In this condition |δs| = π/2 is always
satisfied, and the tilted polarization never appear. How-
ever, as reported in our previous work[26], we can gen-
erate tilted elliptical polarization by sweeping the bias
voltage which causes the change of |δs| from π/2. In this
case, the change in ellipticity can be understood from the
difference between the excitation intensities of the cavity
modes. As we reported in our previous work, the strong
excitation of the anti-symmetric cavity modes such as
TM(1,0) and the TM(0,1) mode occurs when the edges
of the mesa are heated [25]. Heating position B, for ex-
ample, is the edge with respect to the y-axis, but not
the edge with respect to the x-axis. Thus, the excita-
tion of the TM(0,1) mode becomes stronger than that of
the TM(1,0) mode (i.e., |A0,1| > |A1,0|), and this results
in the appearance of an elliptical polarization whose mi-
nor axis is the x-axis, as shown in Fig. 5 (a) . On the
other hand, heating position A is the edge with respect
to the both the x and y-axes. Hence, the excitation in-
tensities of the TM(0,1) and TM(1,0) modes are equal
(i.e., |A0,1| ≈ |A1,0|), and thus, almost perfectly circu-
larly polarized waves appear. In addition, the change
in the handedness can be explained by the difference in
the phases of the cavity modes. Regarding the heating
spots A and D, for example, the jc distributions along
the y-axis are same. However, the jc distributions along
the x-axis are antisymmetric with respect to the y-axis.
Since the TM(1,0) mode is antisymmetric with respect to
the y-axis, mode excitations by this antisymmetric per-
turbation of jc results in a difference in sign of the mode
amplitudes, A1,0. The difference in sign of the ampli-
tude indicates a π difference in the phase of the cavity
mode, and thus, the handedness of the circular polar-
ization reverses. A similar arguments, of course, holds
for the TM(0,1) mode, and the reversal of handedness
also occurs for the case of heating positions A and G. A
sequence of the snapshots of the electromagnetic modes
in the mesa for the heating spots A, B and D are given
in a supplemental material, and they support the above
discussion. As discussed so far, the state of the polariza-
tion dramatically changes with the position of the local
heating. Thus, our results indicate that the state of the
circular polarization can be controlled using local heating
such as by laser irradiation.
In conclusion, we devised a practical method of gen-
erating and controlling circularly polarized THz waves
from intrinsic Josephson junctions (IJJs) by using exter-
nal local heating. For obtaining the circularly polarized
THz waves, a mixture of two kinds of THz waves whose
polarizations are orthogonal to each other is required.
In this study, we examined a mesa-structure IJJ whose
width and length are almost equal and excited TM(1,0)
and TM(0,1) mode simultaneously by using external local
heating. We found that the mesa emits circularly polar-
ized THz waves when we locally heated the corners of the
mesa. Furthermore, we revealed that the ellipticity and
handedness of the THz waves change dramatically with
the heating position. Recently, emissions of circularly
polarized THz wave were experimentally reported from
a truncated-edge square mesa [30], and their characteris-
tics were investigated with a simple antenna analysis [31].
In the truncated-edge mesa, the cavity modes along two
diagonal lines of the mesa will become eigenmodes. Since
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FIG. 5: (a) (f) Trajectories of the far electric fields along the z
axis for the heating position B ∼ G, respectively. Blue arrows
indicate the time evolution of the electric fields.
the eigenmodes are different from our system, the depen-
dence of the polarization on the heating spots will also
change. However, similar to the rectangular mesa, the
excitation of these orthogonal eigenmodes can be con-
trolled by the heating position. Hence, we can make a
similar argument on the polarization control of the THz
wave from the truncated-edge mesa. Our results add to
the understanding gained in those previous studies, and
more importantly, predict that any kind of polarized THz
wave can be generated from a single IJJ mesa by using
external heating.
See supplementary material for the snapshots of the
electromagnetic modes in the mesa changing with the
heating position.
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